One of the major pathophysiological features of primary hypertension is an inappropriate activation of the sympathetic nervous system, which is mediated by excessive synthesis and secretion of catecholamine into the blood. Tyrosine hydroxylase (TH), a rate-limiting enzyme in the synthesis of catecholamine, has been highlighted because genetic variations of TH could alter the activity of the sympathetic nervous system activity and subsequently contribute to the pathogenesis of hypertension. Here, we discuss the role of TH as a regulator of sympathetic activity and review several studies that investigated the relationship between genetic variations of TH and hypertension.
Introduction
Hypertension remains a major contributing factor to cardio-cerebrovascular disease, a leading cause of death in developed countries. The etiologies of hypertension are highly complex and multifactorial: genetic and environmental factors interact to initiate and progress hypertensive diseases. Hereditability of hypertension was first reported in the early 1900s 1) . Since then, several observational studies have reported that hypertension is much more common in individuals who had hypertensive parents or in identical twins [2] [3] [4] . These findings led clinicians and geneticists to investigate genetic variations of genes involved in the pathogenesis of hypertension. With the improvement in tools and techniques for genetic analysis over the past few decades, novel genetic variations are now being recognized increasingly as contributing factors for hypertension. The estimated genetic contribution to the development of hypertension ranges from 30 to 60% 5) . Tyrosine hydroxylase (TH) is a key enzyme that converts L-tyrosine to catecholamine in the adrenal medulla, as well as in noradrenergic and dopaminergic neurons. Sympathetic overactivity is one of the characteristic features in hypertension 6) ; therefore, TH has received much attention as a master regulator of catecholamine synthesis. Moreover, several studies reported that certain variations of the TH gene were also associated with the risk of psychiatric disorders, raising the possibility that genetic variations of TH could influence the pathogenesis of hypertension. In this review, we will briefly discuss the importance of sympathetic overactivity and how TH is involved in the pathogenesis of hypertension. Thereafter, we will review several studies that demonstrated the association between the genetic variations of TH and hypertension.
The Sympathetic Nervous System and Its Roles in Hypertension
One of the most widely investigated and accepted theory in the pathogenesis of hypertension is deregulation of the autonomic nervous system, especially increased activity of the sympathetic nervous system (SNS) 7) . Several studies have demonstrated that the basal activity of the SNS is higher in patients with primary hypertension compared with that in normotensive controls 6, 8, 9) . Moreover, sympathetic overactivity has been reported in other, more specialized forms of hypertension, such as isolated systolic hypertension, hypertension of the young, and elderly, hypertension without dipping phenomenon, obesity-related hypertension, hypertension induced by renal impairment, and pregnancy-induced hypertension [10] [11] [12] [13] [14] [15] [16] [17] . These data suggested that excessive activity of the SNS is a universal phenomenon, irrespective of clinical situations that provoke hypertension. However, in contrast to our deep understanding of the importance of sympathetic overactivity in hypertension, the mechanism of how this dysregulated sympathetic activity occurs is not completely understood, despite intensive research. Possible mechanisms for this phenomenon include concurrent activation of the reninangiotensin-aldosterone system, dysfunctions of cardiopulmonary and baro-reflex activities, chemoreceptor activation, and the effects of insulin 7) . To date, sympathetic overactivity could not be explained by one theory, suggesting that complex interactions are involved in the regulation of the SNS. Further research to determine the mechanisms underlying pathological elevations of sympathetic nerve activity are needed to develop more targeted therapeutic strategies in this field.
Tyrosine Hydroxylase as a Master Regulator of Catecholamine Synthesis
TH is a rate-limiting enzyme for the synthesis of both catecholamines, epinephrine and norepinephrine. TH catalyzes the conversion of L-tyrosine to dihydroxyphenylalanine, which is subsequently converted to dopamine, epinephrine, and norepinephrine. Systemic effects of the SNS are mostly mediated by circulating catecholamines. In response to activation of the SNS, chromaffin cells in the adrenal medulla and sympathetic ganglia synthesize and secret catecholamines into the blood, resulting in increased cardiac output and systemic vascular resistance.
Human TH is encoded by the single-copy TH gene, which is located on chromosome 11p15.5 and has 13 exons. This enzyme is present mainly in the central nervous system and adrenal medulla, and its activity is regulated tightly by multiple levels of control, such as modulation of gene expression through alternative splicing of pre-mRNA, post-transcriptional modification of mRNA, and phosphorylation of TH [18] [19] [20] . Traditionally, TH was investigated in the field of neuropsychiatry, because both dopamine and norepinephrine are relevant neurotransmitters synthesized by TH in brain cells. Several studies demonstrated that genetic mutations of TH were important etiologies of nervous system diseases, such as bipolar disorders, schizophrenia, and Parkinson disease [21] [22] [23] . These studies raised the possibility that genetic mutations of TH could be involved in the pathogenesis of hypertension, because numerous reports suggested that adrenergic hormones play an important role in the development of hypertension. Moreover, normotensive individuals whose parents were diagnosed with hypertension showed elevated plasma levels of catecholamines, indicating that sympathetic overactivity could be one of the reasons why primary hypertension exhibited a heritable trait 24) . Taken together, these findings suggested that genetic variations of TH might be one of the determinant factors for overall sympathetic activity, as well as the development of hypertension.
Genetic Variations of Tyrosine Hydroxylase and Hypertension
Association studies that investigated genetic variations of TH and hypertension are summarized in Table 1 . The relationship between TH and hypertension was first reported in 1998. Sharma et al. 25) investigated whether a tetranucleotide (TCAT) microsatellite repeat marker, located in the first intron of TH gene, was associated with hypertension. They analyzed 227 patients with primary hypertension and 206 age and gender-matched control subjects. Five different microsatellite alleles were revealed and designated as A through E, according to the number of short tandem repeats. They found that patients with hypertension were more likely to have allele E, and normotensive controls showed high proportions of allele D. Levels of plasma norepinephrine were higher in those with allele E, while they was lower in those with allele D, although those results did not reach statistical significance. The relationships among variations of the TCAT microsatellite, catecholamine secretion, and hypertension were replicated in other studies, which showed that genetic differences in TH could affect the development of hypertension through the regulation of catecholamine synthesis [26] [27] [28] . One of the major limitations of these studies was that they could not determine how an intronic polymorphism could result in the observed phenotypic changes. Nonetheless, those studies highlighted the importance of TH in the pathogenesis of hypertension.
Within the TH gene, single nucleotide polymorphism (SNP) rs6356 has been the most examined SNP in association studies, because it results in the substitution Val81Met, which is located in the regulatory domain of the tetrameric enzyme and seems to have an inhibitory effect on enzyme function 29) . However, rs6356 is located in the regulatory domain of TH, a region that is not as functionally critical as the catalytic domain, where all disease-causing mutations are clustered. The benign change caused by rs6356 is consistent with its high frequency in the general population. Indeed, another study showed no significant association of rs6356 with clinical manifestations 30, 31) . Later, Rao et al. 30) performed intensive investigations to assess the genetic variations of TH and their effects on hypertension. They analyzed the sequences of TH gene from 80 ethnically diverse individuals, and discovered 49 SNPs. Fourteen SNPs were found frequently (defined by a minor allele frequency >5%) in this population: four in the promoter region, two in coding regions, four in the untranslated regions, and four in introns.
Functional studies revealed that SNPs within coding regions did not alter the phenotypes significantly, as assessed by catecholamine secretion and blood pressure response to cold stress. By contrast, the C-824T polymorphism (rs10770141), located in the promoter region and affecting binding sites of transcription factors MEF2, FOXD1, and SRY 32) , increased urinary norepinephrine excretion significantly and caused an increase in blood pressure in response to cold stress. These associations correlated with the minor allele (T). Thereafter, the effects of the C-824T polymorphism on the SNS were validated in two independent case-control studies, both of which comprised nearly 1,000 patients with hypertension. Encouraged by these findings, Nielsen et al. 33) performed an additional study to confirm the relationship between the C824T polymorphism and hypertension with a different ethnic group. Analyses of 2,656 Danish subjects demonstrated that those with T/T allele were associated with higher prevalence of hypertension, reinforcing the contribution of SNP C-824T to the development of hypertension. Interestingly, the C-824T polymorphism showed high diversity across different ethnicities; Asians were among the least affected by the trait in the analyzed populations (16.7% for Asians versus 60.3% for Africans) 30) . A subsequent study demonstrated that the C-824T polymorphism was not associated with the incidence of hypertension in a Chinese population 34) , which contrasted with another study that showed a positive association between these two variables 35) . Therefore, functional variations of the promoter region of TH gene could explain the racial differences in sympathetic overactivity and the development of hypertension.
Another study to identify relevant SNPs in the TH gene was conducted in China 31) . Laiyuan et al. analyzed the presence of SNPs in the TH gene from 503 patients with hypertension and 490 age, gender, and area-matched normotensive controls. They searched HapMap data (http://www.hapmap.org/) and selected four candidate TH SNPs; the promoter region was excluded from the analysis. Among the four candidate SNPs, the minor allele of rs2070762, which is located within intron 12 of TH gene, was present at a higher frequency in the patients with hypertension compared with the controls. Further cell experiments demonstrated that the allelic change from the major to the minor allele of rs2070762 enhanced the transcriptional activity of a heterologous promoter in SH-SY5Y cells, suggesting the functional significance of the rs2070762 intronic SNP. However, an important limitation was that the levels of catecholamines in clinical samples were not reported in this study.
Therapeutic implications
Metyrosine, a potent inhibitor of TH, has been used to treat hypertension. However, the nonspecific nature of the TH inhibition induced by metyrosine resulted in several side effects, especially severe extrapyramidal neurological symptoms caused by dopamine depletion. Currently, metyrosine is contraindicated in patients with primary hypertension and the only clinical indication is preoperative management of pheochromocytoma to reduce hemodynamic instability during surgery and perioperative cardiovascular complications 36) . Theoretically, patients with hypertension caused by genetic variations of TH or sympathetic over-reactivity could be managed more effectively by the introduction of TH inhibitors. Selective inhibition of adrenal TH, without affecting brain cells, might be helpful for the clinical application of TH inhibitors to patients with primary hypertension.
Perspectives and Conclusions
Over the past two decades, TH has received significant research attention because of the identification of sympathetic hyperactivity as an important pathophysiological mechanism in the development of hypertension. The high prevalence of hypertension worldwide led physicians to discover several genomic variations of TH that are associated with the pathogenesis of hypertension. However, to date, these novel findings have not resulted in specific therapeutic interventions.
Nevertheless, revealing the genetic diversity of the TH gene will increase our understanding of the complex roles of sympathetic overactivity in the pathogenesis of hypertension, and will lead to more targeted interventions to manage patients with hypertension in the future.
